DNA aptamers have the ability to bind to target molecules with high selectivity and therefore have a wide range of clinical applications. Herein, a graphene substrate functionalized with a DNA aptamer is used to sense immunoglobulin E. The graphene serves as the conductive substrate in this field-effect-transistor-like (FET-like) structure. A voltage probe in an electrolyte is used to sense the presence of IgE as a result of the changes in the charge distribution that occur when an IgE molecule binds to the IgE DNA-based aptamer. Because IgE is an antibody associated with allergic reactions and immune deficiency-related diseases, its detection is of utmost importance for biomedical applications.
Introduction
Allergic reactions and allergic conditions have a significant impact on a person's health that have become the leading cause of chronic illness globally. Especially in the United States, allergies are the sixth leading cause of chronic illness causing millions of Americans to suffer from such allergies annually [1, 2] . Young children and infants in their early life are exposed to a variety of environmental allergens that may generate or simulate an immune response. Allergic triggers may include food, insect stings, environmental factors, chemicals, or a condition of strong family history of atopy; however, the response often includes production of an immunoglobulin E (IgE) antibody [3] . These antibodies are a major component of the body's immune system that can help fight antigens like viruses, bacteria, and fungi that are believed to be harmful to the body [4] .
Various tests such as blood, skin, serological, or radioallergosorbent tests are traditionally used for the detection of IgE-mediated allergy testing [5, 6] . However, a positive test alone is not sufficient to diagnose an allergic condition. A sensitization may be determined from these tests, but they may not always indicate the clinical reactivity. This requires chemical/thermal stability and selective sensing of target molecules [7] . In this study, we have used aptamers as a receptor molecule that has the ability to bind to the specific target molecules and can selectively detect only the target protein. Their ease of modification, enhanced chemical and thermal stability, and ability to denaturalize under unfavorable conditions make them a viable candidate for biomedical sensing applications [8, 9] .
Field-effect-transistor-(FET-) like structures incorporating graphene substrates and DNA aptamer molecular sensing elements have been used to detect small molecules and ions of physiological interest [10] . In the past, we have successfully demonstrated detection of K + and Pb
2+
ions, cytokines such as interferon-gamma (IFN-γ), and adenosine monophosphate (AMP) with graphene-based platforms [11] [12] [13] . Graphene has an extremely high carrier mobility, large sheet carrier concentration, and unique ambipolar characteristics that make it a suitable candidate for biomolecular sensing [14] . However, for the detection of heavy metal ions, the thrombin-binding aptamer (TBA) functionalized to the graphene layer was used, which undergoes a conformational change and binds to the aptamer on the introduction of target ions [15] . In this study, immunoglobulin E (IgE) aptamer and a liquid-gate FET structure are used to detect IgE protein, and detection is achieved due to the changes in charge distribution in the electrolyte, which occurs upon binding of IgE to the IgE aptamer. This change in charge distribution causes a current change across graphene that is found to be dependent on the concentrations of IgE. Such sensitive and simple graphene-based electrochemical nanobiosensor has potential applications in the diagnosis of allergies, immunosensing, and can be an effective analytical tool for biomedical applications.
Experiments

Fabrication of a Monolayer Graphene-Based Field-Effect
Transistor. Monolayer graphene-based liquid-gated FETlike transistors were fabricated at the University of California, Irvine by Yung Yu Wang and are described in detail in their previous work [16] . A step-by-step fabrication protocol is described in the schematic shown in Figure 1 . As described, monolayer graphene was fabricated on a Cu foil using the chemical vapor deposition (CVD) process and attached on a polydimethylsiloxane (PDMS) substrate. Raman investigations were carried out using a Renishaw Raman microscope with an excitation input of 514 nm. Monolayer graphene peaks were detected after mapping at various spots on the graphene surface. Structural verification was done using scanning electron microscopy (SEM) and atomic force microscopy (AFM), which shows a contamination-and crack-free monolayer graphene layer.
After the verification of the graphene layer, the Cu foil is etched away and the PDMS/graphene structure was rinsed several times with DI water. In order to hold the electrolyte solution in it, a second PDMS layer is attached onto the graphene platform. This creates a well that is capable of carrying the electrolyte and holds the liquidgated probe. Source and drain electrodes for the FET-like structures are formed at both ends of the graphene layer using silver paint. The circuit configuration for the graphene-based FET is shown in Figure 2 where the graphene serves as a conducting substrate between the drain and source terminals.
Primary Device Characteristic
Testing. In order to ensure good contact between the channels, device output characteristics using current-voltage relation are measured before the functionalization of DNA aptamers using an Agilent Semiconductor Parameter Analyzer. The I DS versus V DS curve is obtained for checking the conductivity between drain and source terminals. This is done after filling the well of the structure with 1x phosphatebuffered saline (PBS). The graph appears to be a straight line showing good conductivity of monolayer graphene between its two sources and drain terminals, whereas the slope of the linear plot determines the resistance between drain and source terminals.
For checking the functionality of the graphene layer, the device transfer characteristic is taken by measuring drain current versus gate voltage keeping V DS constant. A flexible microreference Ag/AgCl electrode with a 1 mm tip was purchased from Microelectrodes Inc. (Bedford, NH). The glass filament is filled with 3 M KCl solution, and the tip of the electrode is placed in the well to apply the gate voltage. The graph shows ambipolar field-effect transfer-like behavior identifying good quality samples, which can be used for the remainder of the experiments.
2.3. Aptamer Selection. The DNA-based sequence of IgE aptamer was made analytically and chosen based on literature studies as presented in Table 1 . A stable tertiary structure of IgE aptamer (5′-pyrene-GCG C GGGG CACG TTTA TCCG T CCC TCCTAGTGGCGTGCCCC GCGC-3 ′ ) is chosen with a modification of 5 ′ -GCGC-3 ′ sequences being added to extend both the 5 ′ and 3 ′ ends.
The pyrene group on the 5 ′ enables the aptamer to bind to the graphene surface. By implementing this process, the dissociation constant of the IgE aptamer was reduced to 3.6 nm, and this improved its binding characteristics. Also, the fact that many different studies have demonstrated the effectiveness of this particular sequence led to its selection in our work. Aptamer (5 ′ -pyrene-GCG C GGGG CACG TTTA TCCG T CCC TCCTAGTGGCGTGCCCC GCGC-3 ′ ) was purchased from Biosearch Technologies (Novato, CA).
Binding Aptamer on Monolayer
Graphene. In order to bind the aptamer to the graphene surface, a 20 μL drop of 250 μM aptamer in anhydrous DMF (dimethylformamide) is dropped in the well and left to incubate for 3 hours. The well is then washed three times with 1x PBS and filled with 60 μL of PBS after washing. The gate electrode is placed in the well such that the tip is submerged in PBS but does not touch the bottom. I DS -V G curves are then obtained.
Human myeloma plasma IgE was purchased from Athens Research & Technology (Athens, GA) and dissolved in deionized H 2 O to a concentration of 1 μM. The IgE solution is added to the well in 5 μL drops and left to sit for 2 minutes for the IgE molecule to distribute uniformly, and the I DS -V G curve is tested again. Care must be taken in order not to shift the gate electrode because this might cause a change in resistance from drain/ source to gate. To have all experimental data normalized, the position of the gate cannot be changed while obtaining the I DS -V G curves for all different concentrations on one sample. Figure 3 , it is seen that as the concentration of IgE is increased, a dynamic enhancement in current is noticed. The current increases by about 10 −7 mA after each addition of 5 μL of 1 μM IgE. This change in current could be the result of the introduction of charge carriers on the addition of target ions resulting in a change of conductivity in the proposed aptasensor. This increases the electron current efficiency that provides the basis for detection for target molecules. It is also worth noting that there is no significant shift in the Dirac point which is the minimum 3 Journal of Sensors conductance point in the device transfer curve, which indicates that the n-or p-type property of the graphene does not change with IgE [22] . The volume of IgE in PBS, initial current (I 0 ) (when no gate voltage is applied), Dirac voltage, and minimum conduction current are shown in Table 2. 3.2. Selectivity of the IgE Sensor. The selectivity of this aptamer has been tested against other ions such as those used by Salimi et al. and Cole et al., and those results are taken into consideration in this study [23, 24] . Additionally, two sets of control experiments were investigated in order to confirm the stability and selectivity of the proposed sensor. For the first set, 5 μL drops of 1 μM bovine 
Results and Discussions
IgE aptamer Reference
(1) 5′-NH2-GCG C GG GGC ACG TTT ATC CGT CCC TCC TAG TGG CGT GCC CCG CGC-3′ [17] (2) 5′-NH2-GCG C GG GGC ACG TTT ATC CGT CCC TCC TAG TGG CGT GCC CCG CGC-3′ [18] (3) 5′-SH-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC C-3′ [19] (4) 5′-SH-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC GTG CCC C-3′ [20] (5)
5-NH2-GCG C GGGG CACG TTTA TCCG T CCC TCCTAGTGGCGTGCCCC GCGC-3 [21]
V DS V GS Figure 4 , as the concentration of BSA increases, I DS went down, which implies that BSA in solution has a negative effect on current conduction and the rate at which current changes is larger as compared to when IgE target is added. The current decreases after each addition of 5 μL of 1 μM BSA, as depicted in Table 3 . Again, the change of V Dirac is Figure 5 : I DS -V G curve for FET-like sensor structure with no aptamer attached onto the monolayer graphene after adding different IgE concentrations into the well. 5 Journal of Sensors minimal. The slight shift in the Dirac point is the result of the p-type doping effect due to the charge carrier induction. It is also concluded that the IgE aptamer bound on the graphene FET-like sensor can also be a good apparatus for testing BSA targets. BSA targets might have the ability to repel IgE aptamers and reduce its conductivity in solvent, which could itself be a study for future investigations.
After testing the ability of IgE aptamer to distinguish IgE and BSA target molecules, another control experiment is performed by adding 5 μL drops of 1 μM IgE target to samples with no IgE aptamer. As shown in Figure 5 , the curve is nearly unaffected by increasing target concentration, and the current does not consistently increase or decrease compared to sensor experiments. I 0 , V Dirac , and minimum conduction current at different concentrations of IgE with no aptamer attached on the monolayer graphene are depicted clearly in Table 4 . This change in current in response to target and nontarget proteins is also depicted in Figure 6 for the same concentration values. Such lack of response from control experiments as compared to the proposed sensor experiment reveals that a graphene-based biosensor can actively detect IgE with high sensitivity.
Relationship between Current and IgE Concentration.
The relation between current and IgE concentration is estimated for calculating the sensitivity of our sensor. Current I DS versus concentration of IgE is plotted at a constant gate voltage near the Dirac point. For the graph in Figure 7 (a), a positive relationship can be seen between I DS and the concentrations of IgE. The slope of the regression line is the change of I DS corresponding to the change in IgE concentration, which can be found as ΔI DS /ΔConcentration ≈ 1 2902 nA/ μM In the case of I DS versus concentration of BSA, a negative trend line is shown in Figure 7 (b), which indicates that when the concentration of BSA is increased, the I DS current will decrease. The correlation can be described as ΔI DS /ΔCo ncentration ≈ −3 3969 nA/μM , whereas no relationship between I DS and the concentration of IgE can be found in the control experiment with no aptamer on the graphene surface. Thus, the sensor could detect the IgE molecule with only a small voltage across drain and source, along with added advantage of requiring extremely small sample volume i-e ∼ 1 μL or less, which makes it more applicable for detecting small analytes in the future.
Conclusions
We have successfully designed a graphene-based FET-like electrochemical biosensor for detecting IgE target molecules. Detection is achieved by taking advantage of highly conductive properties of a graphene platform that causes an increase in electron current efficiency on the addition of IgE target molecules. Control experiments were Journal of Sensors performed to reveal the stability and selectivity of the proposed biosensor that indicate that the sensor is highly selective to IgE target molecules. Thus, the proposed detection mechanism of the IgE antibody will be of utmost importance for diseases related to allergic reactions or immune deficiency and would be useful for biomedical applications.
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